A pseudo-relativistic Hartree-Fock model including a large amount of configurationinteraction effects has been used to compute radiative decay rates for allowed and forbidden transitions in Nd IV. Detailed comparisons of transition probabilities, oscillator strengths and radiative lifetimes with data previously published are also reported and discussed in the present work.
Introduction
It is well known that triply ionized lanthanides play an important role in different areas such as laser physics, lighting industry, photonics, molecular biology, medical diagnostics, etc (see e.g. Hemmilä 1995 , Wybourne 2004 , Hasegawa et al 2004 , Dossing 2005 and their radiative properties were essentially investigated from spectroscopy experiments on ions embedded in compounds or crystal lattices.
In the case of neodymium (Z = 60), the emission spectrum of Nd 3+ ion has been studied in various compounds such as, for example, in NaCl and KCl single crystals (Rao 1973) , in yttrium orthovanadate (Wortman et al 1974) , in neodymium trifluorides (Vaishnava et al 1974) , in Nd 3+ :Y 3 Al 5 O 12 (Gasparik and Ozvoldova 1974) , in LaCl 3 :Nd 3+ (Zalucha et al 1974 , Crosswhite et al 1976 or in Gd 2 (MoO 4 ) 3 (Spector et al 1977) .
The free Nd 3+ ion spectrum was first observed by Irwin (1968) who listed about 1000 of the strongest Nd lines obtained using a spark source in the region 127-311 nm. A number of lines were classified as 4f 3 4 I • -4f 2 5d, 4f 2 ( 3 H)6s-4f 2 ( 3 H)6p, or 4f 2 ( 3 H)5d-4f 2 ( 3 H)6p transitions in Nd IV, but no connection between any of the three resulting systems was found. Consequently, this study was not considered as reliable enough to be included in the critical compilation by Martin et al (1978) who preferred to list the levels of the 4f 3 configuration taken from the analysis of the Nd 3+ spectrum in a LaCl 3 host crystal due to Crosswhite et al (1976) . More recently, the first level structure investigation of the free Nd 3+ ion was reported by Wyart et al (2006) who observed the neodymium emission spectrum produced by vacuum spark sources in the vacuum ultraviolet on two normal-incidence spectrographs. They identified more than 550 lines as transitions from 85 4f 2 5d levels to the lowest 37 levels of the 4f 3 ground configuration. Shortly after this work, the same experimental material was used by Wyart et al (2007) to extend wavelength measurements in higher excitation conditions. This led to the completion to all 41 levels of the 4f 3 ground configuration and to the classification of 1426 lines involving the excited configurations 4f 2 5d, 4f 2 6p, 4f 2 6s. A number of new levels were also assigned to the coreexcited 5p 5 4f 4 configuration. Altogether 111 odd parity and 121 even parity levels were established. In this latter work, theoretical values of lifetimes and transition probabilities, computed with a rather limited relativistic Hartree-Fock (HFR) model, were reported. Furthermore, Wyart et al (2008) carried out a detailed theoretical investigation of the 4f 3 configuration in Nd IV by performing a parametric fit of level energies, taking into account Coulomb and spin-dependent interactions beyond the first order of perturbation. Note also that systematic Hartree-Fock and relativistic configurationinteraction studies of energy levels and lifetimes of some triply ionized lanthanides, including Nd 3+ , were published by Dzuba et al (2003) .
In the present work, the relativistic Hartree-Fock method including a large amount of configuration interaction has been used to compute the radiative parameters corresponding to allowed and forbidden transitions in Nd IV. These calculations are an extension of our previous studies of triply ionized lanthanides La IV (Biémont et al 2009) , Ce IV (Zhang et al 2001a) , Pr IV (Enzonga Yoca and Quinet 2013) and Yb IV (Wyart et al 2001) . 
Relativistic Hartree-Fock calculations
To correctly describe the structure of a heavy atomic system such as triply ionized neodymium, it is necessary to consider the most important electronic correlation and relativistic effects simultaneously. We have already shown in many previous works on lowly charged lanthanide atoms that the pseudo-relativistic Hartree-Fock method of Cowan (1981) appears as a suitable compromise between a gratifying accuracy of the results (tested by comparison with accurate laser lifetime measurements), the moderate complexity of the codes used and the ability to obtain a large number of new results in a limited CPU time (see e.g. Quinet et al 2002, Biémont and Quinet 2003) . Nd 3+ ion belongs to the La isoelectronic sequence in which two ions, i.e. Ce + and Pr 2+ have already been studied with the same HFR approach (see Palmeri et al 2000a , 2000b , Biémont et al 2001 . In those works, Ce + and Pr 2+ were considered as atomic systems with three valence electrons surrounding a Xe-like ionic core so that most of the intravalence correlation was represented within a configuration-interaction scheme, while core-valence correlation was described by a corepolarization model potential depending on two parameters, i.e. the static dipole polarizability of the ionic core, α d , and the cut-off radius, r c . This picture is no more valid in the case of Nd 3+ due to the fact that some core-excited configurations with an open 5p subshell are expected to strongly interact with lower configurations. More precisely, in their analysis of the Nd IV spectrum, Wyart et al (2007) showed that, owing to configuration mixing between 5p 6 4f 2 6p and the core-excited 5p 5 4f 4 , numerous 5p 6 4f 2 5d-5p 5 4f 4 transitions, normally dipole-forbidden, were observed experimentally. They also showed that the addition of the 5p 5 4f 3 5d configuration (still unknown) to 5p 6 4f 2 (5d+6s) in a three-configuration basis improved significantly the calculated energies in 4f 2 5d and 4f 2 6s configurations and reduced the transition probabilities for 5p 6 4f 3 -5p 6 4f 2 5d by a factor of about 2. To give an idea, the increasing influence of 5p 5 4f 4 along the lanthanum isoelectronic sequence is illustrated on figure 1 in which calculated HFR average energies corresponding to odd-parity configurations are plotted for La I, Ce II, Pr III and Nd IV. When looking at this figure, it is clear that the 5p 5 4f 4 configuration must play a much more important role in Nd IV than in the previous ions of the sequence for the description of lower configurations. Consequently, it is obvious that a core-polarization model potential is not sufficient to take such core-valence interactions into account which can only be considered by the explicit inclusion of core-excited configurations in the multiconfiguration expansions. The following HFR model was thus adopted for Nd IV : 4f 3 + 4f 2 6p + 4f 2 5f + 4f 2 6f + 4f5d 2 + 4f6s 2 + 4f6p 2 + 4f6d 2 + 4f5d6s + 4f5d6d + 5d6s6p + 5d 2 6p + 6s 2 6p + 6p 3 + 5p 5 4f 4 for the odd parity and 4f 2 5d + 4f 2 6s + 4f 2 6d + 4f 2 5g + 4f5d6p + 4f5d5f + 4f6s6p + 5d 3 + 5d 2 6s + 5d 2 6d + 5d6s 2 + 5d6p 2 + 6s6p 2 + 5p 5 4f 3 5d for the even parity. In addition, average energies, E av , Slater parameters, F k and G k , spin-orbit integrals, ζ nl and effective interaction parameters were adjusted with a least-squares optimization program minimizing the discrepancies between the calculated and the experimental energy levels reported by Wyart et al (2007) for 4f 3 , 4f 2 6p, 5p 5 4f 4 odd-parity configurations and 4f 2 5d, 4f 2 6s even-parity configurations. For electrostatic interaction Slater parameters (F k , G k , R k ) not adjusted in the fitting process, a scaling factor of 0.85 was applied to the HFR ab initio values, as recommended by Cowan (1981) . The standard deviations of the fits were found to be equal to 89 cm −1 and 115 cm −1 in the odd parity (111 levels fitted with 29 adjustable parameters) and even parity (121 levels fitted with 21 parameters), respectively. Details about the final radial parameters adopted in our calculations are given in tables 1 and 2.
Results and discussion

Electric dipole transitions
Radiative parameters (oscillator strengths and transition probabilities) computed in this work are reported in table 3 for Nd IV electric dipole lines between 106.8 and 275.2 nm. The results presented in this table are limited to transitions for which log gf is greater than −1.0. To our knowledge, prior to our work, transition probabilities in Nd IV were only published by Wyart et al (2007) who also used the HFR method combined with parametric least-squares fits but including a rather limited set of interacting configurations, i.e. figure 2 , showing a general good agreement (within 25%) between both sets of data. it is worth mentioning that these latter authors did not include core-polarization and correlation effects in their calculations and, as a consequence, estimated their computed lifetimes to be too small by a factor of 3 or 4.
Forbidden transitions
Triply ionized lanthanides are known to exhibit very characteristic emission lines in the visible and near infrared regions due to 4f → 4f transitions. These transitions, forbidden by the electric dipole selection rules, are characterized by long lifetimes which facilitate 'time gated' emission experiments leading to significant improvement of signal-to-noise ratios compared with more traditional steady-state measurements. For this reason, radiative properties of such forbidden lines within the 4f 3 configurations were also computed in the present work. Transition probabilities for the most intense magnetic dipole (M1) and electric quadrupole (E2) lines are reported in table 5 where they are compared to the data recently published by Dodson and Zia (2012) . These latter authors reported radiative transition probabilities for some M1 and E2 Nd IV lines using a detailed free ion Hamiltonian including electrostatic and spin-orbit terms as well as two-body, three-body, spin-spin, spin-other-orbit and electrostatically correlated spin-orbit interactions. As seen from table 5, for M1 lines, our gA-values are generally in good agreement (within a few per cent) with those of Dodson and Zia while larger discrepancies (reaching 30%-40%) can be observed for some E2 lines. Nevertheless, as illustrated in figure 3 showing the overall comparison between both sets of transition probabilities, it is clear that a satisfactory agreement is observed for the most intense forbidden lines, i.e. for those characterized by gA-values larger than 1 s −1 .
Conclusion
A new set of radiative parameters has been obtained for electric dipole, magnetic dipole and electric quadrupole lines in triply ionized neodymium using a pseudo-relativistic Hartree-Fock model combined with a semi-empirical optimization of electrostatic and spin-orbit radial integrals. Computed transition probabilities, oscillator strengths and radiative lifetimes have been compared with other available theoretical data. For electric dipole transitions, our results are expected to be more accurate than those previously published in view of the much more extended amount of electronic correlation effects (including core-excited correlation) considered in our physical model. In the case of magnetic dipole and electric quadrupole lines, our results have been found to be in good agreement with theoretical data recently published for the most intense transitions.
